Post-earthquake fire (PEF) contributes significantly to loss of life and property following large earthquakes in urban regions. In the absence of adequate PEF provisions in the codes and criteria, an investigation is performed on a reinforced concrete portal frame, divided into two unequal parts by a firewall. Acknowledging that firewalls could break down after earthquake, three fire exposure scenarios are assumed: only the left part exposed, only the right part exposed and the entire frame exposed. In the first two scenarios, the firewall remains intact, whereas in the third it is assumed to be broken down. The building is first pushed to displacement corresponding to the life safety level of performance based on FEMA 356 code. Then, using a natural fire curve, fire analysis is performed. Fire-alone analysis is performed to provide a point of reference. No failure occurs in any of the fire-alone scenarios, or when exposing the smaller part of the building to the PEF. In contrast, exposing the larger part and the entire frame to PEF makes the frame fail at around 50 min and 25 min, respectively. This shows the importance of firewalls to reduce vulnerability of reinforced concrete buildings in case of PEF. The approach used allows designers to choose the position and configuration of firewalls to best protect a building against PEF.
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Introduction
Large earthquakes can bring about two types of damage to urban structures: primary and secondary (Calvi et al., 2006) . The primary damages result from direct application of earthquake loads on structures, whereas secondary damages are indirectly caused by some secondary phenomenon being triggered by the earthquake, such as liquefaction and tsunamis.
One of the most problematic secondary type damage-inducing phenomena is post-earthquake fire (PEF). Historical records have proved that PEFs are devastating and, if not controlled, can swiftly spread to large areas and lead to a conflagration (Mohammadi and Alysian, 1992; Mousavi et al., 2008) . This is mainly because urban structures are not designed to withstand PEF loads (Borden, 1996) . Hence, when a partially damaged structure is faced with the PEF load, it collapses more rapidly than the intact structure . Thus, further stringent requirements need to be considered in either the earthquake codes or the fire codes for those structures that may experience PEF. To do this, the first step is to scrutinise the structural behaviour under PEF loads.
Performance-based seismic analysis is used to evaluate the structural behaviour under earthquake loads where various performance objectives are defined. Normally, very important structures such as museums and governmental buildings are designed to sustain negligible damage if loaded with the design earthquake. Important structures such as hospitals and educational centres are designed to sustain minor damage, while their ability to function (serviceability) has to be maintained after the earthquake. On the other hand, ordinary structures such as residential and commercial buildings are designed to sustain notable damage. However, their integrity should be maintained after the design earthquake, meaning that they should not collapse before inhabitants are all evacuated from the building safely. In FEMA 356 (FEMA, 2000) , very important structures are designed at the operational (O) level of performance; important structures are designed at the immediate occupancy (IO) level and ordinary structures are designed for the life safety (LS) level of performance. To quantify the damage sustained by structures, lateral drift is used as an index. Structures designed for O and IO levels of performance sustain almost no permanent drift, while the transient drift is limited to 1%. By contrast, the drift value in buildings designed for LS level of performance should not exceed 2%. At the LS level of performance the collapse of light internal walls, such as partitions, is allowed, but it is strongly recommended that the exterior walls should permanently be connected to the structural members in order to withstand the effects of earthquake movements (ASCE, 2013).
Performance-based fire analysis is used to involve all factors that can have an effect on a fire's progress in a compartment. The factors should be adequately informative, including the materials of construction, the location of the compartment in a building, the heat transfer mechanism, the load ratio, the position of openings, the availability of active and passive fire measures such as sprinkler systems and rescue teams (ACI216; ACI, 2006; Meacham and Custer, 2002) . The information is used to simulate a more realistic fire. Fire resistance of the structural members is then calculated (Franssen et al., 2009; Kodur et al., 2012) , and expressed as the time up to which the structural integrity is maintained against the applied fire loads (Kodur and Dwaikat, 2007) .
It is clear that the structural performance is less favourable when a fire starts after an earthquake. In such a case, the damage resulted from the earthquake shall be considered as the initial state for the subsequent fire. The earthquake damage can be two fold: the residual deformation and the degradation in strength and/or stiffness (Zaharia and Pintea, 2009 ). In reinforced concrete (RC) structures with a ductile behaviour, the mentioned damages can cause tensile cracking, removal of cover and compressive crushing. A typical moment-curvature relation can then be idealised into separate stages of precracking of concrete, post cracking, yielding of steel reinforcement and concrete crushing in compression (Kwak and Kim, 2002) . Experimental tests have demonstrated that tensile cracking has almost no effect on the PEF resistance, whereas major cracking and removal of cover can considerably decrease the PEF resistance (Ervine et al., 2012) . It is worth mentioning that the damage area in RC structures is mostly localised at and around the critical sections, while at other locations concrete might be only lightly cracked, even in the worst seismic scenario. Damaged areas lose their stiffness as concrete cracks and spall off and the reinforcement yields. The result is that the cross-sections located within a certain length, termed the 'plastic hinge length', deform plastically to collapse. The plastic hinge length can be calculated by way of empirical and numerical equations presented in the past by other researchers (Bae and Bayrak, 2008; Park and Paulay, 1975; Roh et al., 2012) . For example, the plastic hinge length (L P ) based on Park and Paulay's (1975) formula suggests using L P = 0·5H where H is the section height. The tests results confirm that, at the IO level of performance, only minor cracking would occur in the structural members; therefore, no change exists in the structural geometry or material properties after the earthquake. At the LS performance level, however, spalling of the cover of rebars would occur FEMA, 2000; Meada and Kang, 2009; Nakano et al., 2004; Sharma et al., 2012) .
Previous studies
Post-earthquake fire research has received more attention since the 9/11 terrorist attack to the Twin Towers Mousavi et al., 2008) . In macro scale, the regional effects of PEF mostly on urban infrastructures are considered, including buildings density, seismic intensity, wind velocity and availability of the rescue teams (Borden, 1996; Collier, 2005; Ghoreishi and Sutlan, 2009; Nasirzadeh et al., 2009; Robertson and Mehaffey, 2000; Scawthorn, 2008; Scawthorn et al., 2005; Taylor, 2003; Wellington Lifelines Group, 2002; Xie and Ren, 2004; Zolfaghari et al., 2009) . In micro scale, the investigations are mostly concentrated on partially seismic-damaged structures exposed to fire. Several researchers have studied protected and unprotected steel structures (Alderighi and Salvatore, 2009; Braxtan and Pessiki, 2011; Pucinotti et al., 2011; Ryder et al., 2002; Tomecek and Milke, 1993; Wang and Li, 2009; Zaharia and Pintea, 2009 (Faggiano and Gregorgio, 2010; Faggiano and Mazzolani, 2011) investigated steel structures exposed to PEF. Based on the FEMA 356 procedure, Faggiano and co-workers developed a method called robustness assessment for evaluating the performance of buildings subjected to earthquake, and for suggesting fire performance levels for various conditions of fire. The proposed procedure was then demonstrated with regard to a particular class of steel structures. The authors (Behnam and Ronagh, 2013b) have also investigated the effect of a vertically travelling PEF on tall MRSFs while various fire scenarios, concurrent fire and delayed fire were considered (Figure 1) . The results showed that exposing the frame to the delayed fire leads to different fire resistance than for a concurrent fire.
A number of researchers have evaluated the performance of RC structures in a PEF scenario. Mostafaei and Kabeyasawa (2010) carried out a PEF analysis on a RC structure previously damaged by an equivalent Kobe 1995 earthquake on a shaking table. Then, using a method called axial-shear-flexure interaction (ASFI) (Kabeyasawa and Mostafaei, 2007) , the degradation of the concrete compressive strength was accounted for. The results of the ASFI method were subsequently used for computing the PEF resistance of the structure, showing that damaged structures are more vulnerable to fire loads than intact structures. An experimental test was conducted by Ervine et al. (2011) on a RC element subjected to gravity loads Firewalls and post-earthquake fire resistance of reinforced-concrete frames Behnam and Ronagh followed by fire load and in order to find the effect of the cracked and/or damaged sections on the thermal propagation inside the section. The results showed that minor tensile cracking would not significantly change the heat penetration inside the section. However, exposing the rebars directly to fire (e.g. in the case of crushing of the cover) changes both the thermal and the structural behaviour of the specimen considerably. Another study was undertaken by Sharma et al. (2012) on the fire resistance of an earthquake-damaged RC frame. A nearly full-scale frame was first loaded by the relevant gravity loads and then subjected to a cyclic lateral load, based on the Indian standard, in a quasi-static fashion (BIS, 2005) . The loadcontrol mode was considered to meet 2% drift, corresponding to the LS performance level. The cracks' widths were then observed using optical tools, non-destructive tests and ultrasound. A computational analysis was also performed using the finite-element method with Abaqus (2008) to compare the test and the analytical results. The results showed a good conformity with FEMA 356 descriptive definitions of damage levels at various performance levels, such as IO and LS. Consequently, the PEF analysis was performed using both numerical and experimental methods. The results showed that the frame did not collapse, even after 60 min of exposure to fire. Yet no comparison was made between the results of the fire-alone situation and those of PEF.
The present authors have also investigated the response of RC structures subjected to PEF in several studies (Behnam and Ronagh, 2013a , 2013c , 2014b Ronagh and Behnam, 2012) . They used a sequential analysis in order to simulate a PEF scenario. Using the results of previously conducted tests by Sharma et al. (2012) , Meada and Kang (2009), Nakano et al. (2004) and the tests conducted by the authors as well as prescriptive definition of damage stipulated by FEMA 356, they considered the state of damage resulted from the design earthquake in their studies. The results showed that there were minor differences between the fire resistances of the fire-alone situation and the PEF resistance of the frames pushed to arrive at the IO level of performance. However, a major difference was observed between the fire resistance and the PEF resistance of the frames pushed to arrive at the LS level of performance. The results also showed that subjecting only the beams to fire leads to a higher reduction in the fire resistance compared to exposing only the columns to fire. In separate studies, they then proposed different engineering solutions in order to improve the PEF resistance of existing structures and those that are yet to be designed (Behnam and Ronagh, 2013d , 2013f, 2014a .
Aligned with the studies mentioned and based on the previous work performed by the authors, an investigation is carried out here on an RC structure designed for the LS level of performance, which contains a firewall and is subjected to PEF. The investigation includes two separate assumptions: when firewalls remain intact or when they break down following the earthquake and prior to the PEF.
Load sequences
Modelling of PEF in a structure is a complex process, as the structure has to be loaded in steps. The first step of modelling is the application of gravity loads, which is followed by the second step, the loading of seismic loads and finally by the third step, the application of fire loads. In the absence of finiteelement software being available that is capable of performing a coupled analysis (which can consider seismic analysis and a subsequent fire, while allowing for the variation of material properties at elevated temperature), the authors (Behnam and Ronagh, 2013a , 2013c , 2014b Ronagh and Behnam, 2012 ) used a method they termed 'sequential analysis' as a functional tool to simulate a PEF analysis. In order to perform the seismic analysis, SAP2000 software is employed (SAP2000-V14; SAP2000, 2002). Then, a function is written whereby the results of the seismic analysis are transported into the second software -Safir (Franssen, 2005) -which performs the structural fire analysis. As SAP2000 is compatible with FEMA 356, the damage levels including the states of the plastic hinges and their locations in all the members can be fully monitored. Then, based on the prescriptive definition of damage state stipulated in FEMA 356, as well as experimental tests conducted by Meada and Kang (2009) , Nakano et al. (2004) and Behnam et al. (2014) , results of the pushover analysis are justified. For instance, at the IO level of performance only minor cracking would occur with no significant effect on the PEF resistance. At the LS level of performance, by contrast, it is expected that the cover of concrete would be spalled in the vicinity of the plastic hinges created. This information is vital where the fire frontiers of the cross-sections are introduced by Safir. As plasticity of materials is included in the Safir program, the degradation of strength and stiffness as a result of lateral loads are therefore considered. It is worth mentioning that, athough SAP2000 and Safir use different methods for analysing the models, the results are not necessarily different as well. By defining several subsequent lumped plastic hinges in the frames created by SAP2000, it is possible to clarify which parts of an element have gone beyond the elastic part of the pushover diagram. The authors have already controlled and observed that only those parts of the elements located in the proximity of the joints undergo plastic deformations while the rest remain in the elastic part of the pushover analysis (Behnam and Ronagh, 2013e) .
As previously mentioned, for the seismic analysis, non-linear static analysis (known as pushover analysis) is used, which is well accepted as a practical analysis model, and to a great extent can meet the structural analysis needs (Krawinkler and Seneviratna, 1998) . The model is based on the fundamental assumption that the structural response can be attributed to the response of an equivalent single degree-of-freedom (SDOF) system. Although this assumption is not completely correct, there is a large consensus on the use of the model as a rational tool to estimate the maximum seismic response of multi degree-of-freedom (MDOF) structures, if the response of
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Firewalls and post-earthquake fire resistance of reinforced-concrete frames Behnam and Ronagh the structure is governed by a single mode (Azimi et al., 2009; Bagchi, 2004; Chopra and Goel, 2004; Fajfar, 2000; Han and Chopra, 2006; Kalkan and Chopra, 2011; Mwafy and Elnashai, 2001) . In conventional pushover analysis, using a specific load pattern, the structure is pushed to arrive at a displacement called the target displacement. The target displacement serves as an estimate of the global displacement that the structure is expected to experience in a design earthquake, often represented by the roof displacement at the centre of mass of the roof. From a different viewpoint, the finite-element (FE) model is the most capable model for the plasticity analysis of RC members. Using an FE model, the material plasticity in steel and concrete can be accounted for (Godat, 2008; Lin et al., 2009; Zhao and Sritharan, 2007) . A beam element is then created by integration of a series of sections along the element length. The constitutive relation of the section is not specified explicitly, but is derived by integration of the response of the fibres, which follow the uniaxial stress-strain relation of the particular material. Using the constitutive material stressstrain relationship, the M-ϕ curve is generated, where M and ϕ stand for moment and curvature, respectively. It is evident that concrete can be subdivided into two parts, the core, which is confined by the longitudinal reinforcement and shear reinforcement, and the cover, which is unconfined (Lee and Mosalam, 2004) .
For the fire analysis, several points should be taken into consideration, which are the effect of fire on the materials characteristics, the design fire and the heat transfer. It is universally accepted that the materials' thermal and mechanical characteristics change significantly when subjected to high temperature. The temperature may then produce thermal stresses (Kwasniewski, 2011) . In composite materials such as RC, the thermal characteristics of concrete and rebar are not identical and, hence, differential thermal stresses can speed up the degradation. Concrete is not as heat conductive as reinforcement bars are, and as such would act as insulation that protects the reinforcement bars from heat. However, the rebars would directly be exposed to fire after an earthquake. In that case, the heat resulted from the high temperature can more quickly penetrate inside the cross-section and speed up the degradation in strength. Often, the concrete is no longer considered a structurally relevant material beyond around 500°C. In rebar, the mechanical properties start decreasing significantly between 300°C (elastic modulus) and 500°C (compressive strength) (Bamonte et al., 2008; Youssef and Moftah, 2007) . It is also worth mentioning that the thermal spalling of concrete cover under fire exposure plays an important role and can significantly decrease the load bearing of the structures (Debicki et al., 2012; Smith, 1991) . This is because, after spalling, the boundaries of the concrete members change in such a way the rebars are directly heated up, and thus the strength of the member decreases faster (Kodur et al., 2004) . In addition, the cross-section of the member reduces, hence reducing the flexural rigidity. Thermal spalling, however, is more important in elements with more than 4-5 cm cover (Majorana et al., 2010) or those made of high-strength concrete (Kodur, 2005) containing particles smaller than the cement grains (micro silica, for example) and a moisture content more than 3-4% (Hertz, 2003; Hertz and Sørensen, 2005) . For the elements used in this study, which are made from normal strength concrete with a cover of 4·0 cm and moisture of 2%, thermal spalling is not considered.
As per the design fire, the phases of a fire can be divided into three parts, namely, ignition (pre-flashover), heating phase and the cooling phase, as shown in Figure 2 . It is worth noting that the heating phase duration depends on various factors, most important of which are thermal inertia of the combustible materials (called fuel-controlled) and availability of oxygen (called ventilation-controlled) (Karlsson and Quintiere, 1999) . For specific amounts of combustible materials inside a compartment, the openings determine whether the heating phase is fuel-controlled or ventilation-controlled. The heating phase is the most serious part of a fire in terms of structural failure, because if the fire cannot be suppressed before flashover, structural elements must have adequate fire resistance to prevent any collapse (Denoël, 2007) . When more than 70% of combustible materials are consumed or there is no longer adequate oxygen, the fire diminishes and the temperatures decline over time. Structural behaviour in the cooling phase is important, particularly in the joints. During the decay phase, extensive tensile forces are created in the axially restrained beams, so a rapid collapse might occur. This is related to the fact that composite materials do not have similar thermal characteristics, and this leads to different rates of temperature loss (Hanus, 2010) . Experimental tests and observations of real fires have confirmed the high possibility of structural failure during the cooling phase (Bailey et al., 1996) .
Based on the above fundamental definitions, a design fire scenario can then be proposed. The design fire scenario should cover various attributes of a compartment, such as the type Firewalls and post-earthquake fire resistance of reinforced-concrete frames Behnam and Ronagh of occupancy, the amounts of combustible materials and the size and location of openings. There are two main fire curves, which are commonly employed in structural fire engineering: standard (nominal) fire curves and natural fire curves (Buchanan, 2001) . Here, the natural fire curve recommended by the Eurocode 1 Annex A (BSI, 2002) is used while no active measures (on-site or off-site facilities) are considered.
The simulation of a fire in a compartment is a complex process, which is performed through two parts, the method by which the temperature produced by the fire is calculated -as explained above -and quantifying the temporal and spatial distributions of the accounted for temperature, which is applied to the structural elements -known as boundary conditions. Finally, the structural behaviour under elevated temperatures is evaluated (Lennon and Moore, 2003; Torero, 2012) . After deciding on the method of accounting for the temperature produced by the source of fire (T gas ), the problem of heat transfer reduces to differential equations with certain boundary conditions that allow the calculation of T s at the surface of the structural elements and the transfer of heat through the element to the other side. The heat is mostly transferred through one or more of the basic laws, namely, convection, radiation and conduction (Denoël, 2007; Drysdale, 2011) . While transfer of heat by convection requires a medium, transfer of heat by radiation needs no material between the fire source and the solid (Torero, 2012) . Although radiation has a predominant role in heat transfer from the source of fire to the surface of the solid (Purkiss, 1996) , the role of convection cannot be entirely ignored (Welch et al., 2007) . In addition, a fully engulfed compartment assumption, that is, when it is assumed that T gas = T s , will not necessarily result in a conservative fire resistance (Denoël, 2007; Welch et al., 2007) . In order to illustrate this in a simple manner, a one-dimensional problem through a cubic compartment is assumed with insulated walls and floor having a non-insulated ceiling, termed here as the 'solid'. The transfer of fire is therefore only in the vertical direction from T gas at the fire source (floor level) to T s (bottom of the ceiling) and onwards to T i (the other side of the ceiling), although there is some radiation from wall-to-wall radiative exchange; this is ignored here for simplicity. The total heat (q 00 Tot ) is calculated using Equation 1, in which h c and h r are the convection heat transfer coefficient and the radiation heat transfer coefficient, respectively, and are not constant. The value of h Tot is therefore not constant (Drysdale, 2011) . 
Case study
A RC portal frame is selected from the structure shown in Figure 4 , which has been designed for LS levels of performance. The floor is made of normal weight concrete, the external walls are made of heavy bricks and the firewall is made of medium weight concrete. The thermal characteristics of the materials in the building are also shown in the figure. The characteristic fire load density of 1100 MJ/m 2 is assumed to account for the thermal actions. The structure is designed using ACI 318-08 (ACI, 2008) code for peak ground acceleration (PGA) of 0·30 g, while a load combination of 5·0 kPa and 1·5 kPa for dead load and live load are considered, respectively. Meanwhile, 100% dead load and 20% live load are considered in order to find the required mass for the calculation of the earthquake load (ASCE, 2013) . To define the seismic loads, an equivalent static method represented by Equation 2 is used (IBC, 2003) .
2: V ¼ CW
where V, C and W are the shear force at base level, the seismic coefficient and the total seismic weight of the structure, respectively. The seismic coefficient is determined using Equation 3.
3: C ¼ ABI=R
where A correspond to PGA, B is the building response factor, which is dependent on the soil type, I is the importance factor and R is building behaviour factor. For the purpose of this study, a B factor of 2·0, an I factor of 1·0 and an R factor of 7 are used; hence the seismic coefficient is 0·0857.
The compressive strength of concrete is assumed to be 24 MPa and the yield stress of longitudinal and transverse reinforcing bars is assumed to be 400 MPa. Figure 5 shows the geometric properties of the selected frame. For the thermal analysis, it is assumed that the concrete moisture content is 2%. The thermal expansion coefficients of rebar and concrete are assumed as 12 Â 10 -6 /°C and 10 Â 10 -6 /°C, respectively. Poisson ratio of 0·2 is considered for the concrete. In addition, a 350 mm cover is assumed for beams and columns. For the fire analysis, three scenarios are considered: (a) scenario 1 is the left side exposed to fire; (b) scenario 2 is the right side exposed to fire; and (c) scenario 3 is the entire frame exposed to fire while no firewall is considered.
The fire curves are determined using the Eurocode 1 Annex A fire curve. Moreover, influences of active measures (on-site or off-site facilities) are ignored. The analysis is performed for two situations of before and after earthquake. It is worth noting that when the entire frame is exposed to fire, the exterior side of the external columns is not exposed to fire, whereas all sides of the interior column are subjected to fire. Meanwhile, only three sides of the beams are exposed to fire, because it is assumed that the top of the beams is protected by the concrete slab. When only a part of the frame is subjected to fire, the middle column is exposed to fire only from one side, where applicable.
Results
Using the sequential analysis explained in Section 3, the PEF analysis is performed at the LS level of performance. To do this, using SAP2000, the frame is monotonically pushed to arrive at 2% drift, that is, 64 mm, corresponding to the LS level of performance, although in order to monitor the structural behaviour and in line with FEMA 356 recommendations, the frame is pushed even more than 64 mm. The pushover The pushover curve is then extracted from the SAP2000 environment and is transferred to the Safir software as an input file in order to perform the PEF analysis. As both SAP2000 and Safir are finite-element-based programs, pushing the frame created by solid elements in the Safir program and by the imported pushover curve from SAP2000 does not result in a significant difference (see the explanation in Section 3).
This means that similar plasticity is experienced by the frame analysed in Safir when pushed by the imported pushover curve from SAP2000.
As is seen in Figure 6 (b), the plastic hinges created in the frame are either at the IO or at the LS level of performance. For those at IO, there is no need to change the fire frontiers of the cross-sections; the reason for this was explained earlier in Section 3. For those at LS, a member is divided into two segments. Segment 1, which covers the plastic hinge length as adopted from the formula by Park and Paulay (1975) , is modelled with no concrete cover and its rebars are thus exposed to fire directly. Segment 2 covers the rest of the member. The latter is considered intact and, as such, the fire frontiers are applied to the surface of the cross-section. As the height of the cross-section is 300 mm, the length over which the cover is removed is thus 150 mm. Finally, the fire curves are plotted and used for analysing as per the three previously assumed scenarios. Table 1 represents summarised calculations of the thermal actions in scenarios 1 to 3. Firewalls and post-earthquake fire resistance of reinforced-concrete frames Behnam and Ronagh the time-temperature curves based the above-mentioned calculations. Figure 8 shows the temperature distribution in the beam crosssection based on the applied fire load to the left side. The figure shows that exposing the beam to fire during the heating phase results in a rapid increase in temperature of the surface of the cross-section (node 1) and gradual increases inside the cross-section: that is, nodes 2 to 5. During the cooling phase, however, the surface of the concrete loses its temperature at a fast pace, while at the rest of the nodes the temperature is still on the rise. This is due to the low conductivity coefficient of concrete, which leads to a slower rate of gaining or losing temperature during the analysis.
Based on the above-mentioned explanations, the fire analysis is performed for both situations of before and after earthquake. The analysis terminates when the displacements either globally (i.e. the drift of a certain point) or locally (i.e. the deformations at the middle of a beam) go beyond the chosen thresholds. The thresholds have been identified by the curve for displacements plotted against time step merging towards the vertical asymptote by a 1% error.
Fire resistance of the frame is then determined based on various failure criteria such as thermal and strength failure criteria mentioned in ASTM E119 (ASTM E119-01, ASTM, 2001). For instance, an RC member is said to have failed when the temperature in the rebar exceeds 593°C or the member is not able to resist the applied gravity loads (Almand et al., 2004; Kathryn and Buchanan, 2000) . There are also other failure criteria based on deflection and the rate of deflection. These failure criteria are important because, along with excessive deflection of the structural members, the structural integrity cannot be guaranteed. Mostly, the use of deflection and the rate of deflection criteria help in maintaining the safety of the building before any collapse occurs. The maximum allowable deflection varies depending on the defined structural performance. Often, the deflection for conventional structures is limited to L/20 where L is the span length. Additionally, the rate of deflection is limited to L 2 /9000d (mm/min), where d is the effective depth (Kodur and Dwaikat, 2007) .
For the undamaged frame, no failures were observed in any of the three scenarios during the fire analysis, which explicitly confirms the adequate fire resistance of the frame before the earthquake. However, after the pushover analysis, some degree of damage would exist in the structure. The damaged structure is then loaded with natural fire curves as a sequential load, Firewalls and post-earthquake fire resistance of reinforced-concrete frames Behnam and Ronagh which arrives at the structure in its residually deformed state. Figures 9-11 show the PEF resistance of the frame under these scenarios. In these figures, the first sharp displacement is due to the pushover analysis performed. Figure 9 shows that under the first PEF scenario the frame does not collapse as none of the failure criteria is reached. However, under the second PEF scenario and based on the rate of deflection criterion, the frame fails at around 50 min, as shown in Figure 10 . Also, in the case where the entire frame is exposed to fire and based on the rate of deflection criterion, the PEF resistance substantially reduces to about 25 min, as shown in Figure 11 .
It is worth mentioning that, while two types of collapse, local and global, are possible, here only local collapse was observed during the analyses. Global collapse is defined as the collapse configuration in which the frame fails because of considerable lateral movement of columns, while local collapse involves mainly failure of the beams. It can also be mentioned that, under the second scenario, the frame collapses during the cooling phase. As an important conclusion from the study, it is observed that the existence of the firewall can significantly affect the PEF resistance.
Conclusion and outlook
Past records have shown that PEF effects can be quite devastating in urban buildings. No particular provisions, however, are provided by codes and criteria to deal with this issue. An investigation is performed here to quantify the effect of firewalls (that remain undamaged or collapse in an earthquake) on the PEF resistance of RC structures. To achieve this, a two-bay RC portal frame divided by a firewall is analysed for two situations of pre-and post-earthquake. A natural fire curve based on Eurocode 1 Annex A is used. The frame is first laterally pushed to arrive at a certain level of displacement corresponding to the life safety level of performance-based design according to FEMA 356. The damage state of the structural members is extracted based on the previous work performed by the authors and/or other researchers. The frame is then exposed to different fire scenarios: with only the left side exposed to fire, with only the right side exposed to fire and with the entire frame exposed to fire. A fire-alone analysis is also performed in order to make a comparison between the results for pre-and post-earthquake. This investigation showed that no failure occurs in the case of the fire-alone situation in all scenarios. In addition, when only the left side is exposed to PEF, the frame remains stable. Exposing the right side to PEF, however, results in considerable reduction of the PEF resistance to about 50 min. The PEF resistance when the entire frame is exposed to fire is about 25 min. This clearly shows the importance of firewalls -as non-structural elements -in reducing the structural vulnerability of buildings in a PEF scenario. It is known that seismic codes strongly recommend external walls should be connected to the structural elements in order to remain stable during an earthquake. This recommendation could be extended to firewalls so that they remained attached to the structure after the earthquake. Lastly, while this study was dedicated to RC portal frames, it is hoped that this can pave the way for further research into other classes of structures and will lead to an ensuing revision of standards. To discuss this paper, please email up to 500 words to the editor at journals@ice.org.uk. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as discussion in a future issue of the journal.
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